Background: Thyrotoxicosis is known to be associated with sinus tachycardia and supraventricular tachyarrhythmias, but rarely with ventricular fibrillation (Vf), which has only occurred in some patients with hypokalemic periodic paralysis or ischemic heart disease. Patient Findings: We present three men who were transferred to our hospital with Graves' disease who developed idiopathic Vf. None of them had hypokalemic periodic paralysis or ischemic heart disease but all were smokers. None of other patients with thyrotoxicosis (587 females and 155 males) who were seen at our hospital, in the period during which the three men were seen, had idiopathic Vf. In our three men with thyrotoxicosis and idiopathic Vf, there was no identifiable underlying heart disease. One of the three patients died of hypoxic encephalopathy. The other two men did not have recurrent Vf after their thyroid function normalized. Summary: These cases and a review of similar cases in the literature imply that improving thyrotoxicosis seems to be effective for treating idiopathic Vf in some patients. Conclusions: Our findings suggest that thyroid hormone excess might play a direct role in the development of Vf in susceptible individuals. Our experience with these three patients suggests that smoking men with thyrotoxicosis likely have an increased risk for Vf, even if they do not have other predisposing factors.
Introduction
G raves' disease (GD) is an autoimmune form of hyperthyroidism caused by thyroid-stimulating autoantibodies (1) . It is well known that *90% of patients with GD are females in their third to fourth decades of life. Increased serum levels of the thyroid hormone cause clinical symptoms including palpitations, hand tremor, hyperhydrosis, and weight loss. It is well established that overt hyperthyroidism induces a hyperdynamic cardiovascular state associated with sinus tachycardia and also increases the prevalence of supraventricular tachyarrhythmias, including atrial premature conduction and atrial fibrillation (2) .
The leading causes of sudden cardiac death are coronary artery disease (80% of cases) and cardiomyopathy (15%), but 5% of cases occur in patients with structurally normal hearts (3) . Ventricular fibrillation (Vf) is a life-threatening arrhythmia that generally accompanies some form of structural heart disease, most commonly ischemic heart disease associated with a prior myocardial infarction. Less commonly, Vf may be associated with metabolic disorders, drug toxicity, or prolonged or short QT syndrome (3). Vf is a major cause of sudden cardiac death among young people (<40 years) without underlying heart disease (4). Idiopathic Vf is defined as Vf without any identifiable known cardiac or extracardiac abnormalities responsible for the arrhythmia and accounts for 5%-10% of out-of-hospital survivors of cardiac arrest (4) . It is extremely rare for thyrotoxic patients without underlying cardiac disease to have Vf. Vf attacks have been documented mainly in Asian males suffering from hypokalemic periodic paralysis associated with GD (5-7) and painless thyroiditis (8) . In these patients, Vf was likely triggered as a result of a prolonged QT interval produced by their electrolyte disturbance (9) . Ischemic heart disease is another cause of Vf seen in patients with thyrotoxicosis, probably because thyroid hormone is known to increase cardiac oxygen consumption (2) . Thus, it is even rarer for thyrotoxic patients not accompanying hypokalemic periodic paralysis to develop Vf without ischemic heart disease (10) (11) (12) (13) (14) or with stable coronary disease (15) . We present three cases of GD complicated by idiopathic Vf without hypokalemic periodic paralysis or ischemic heart disease. Notably, despite the preponderance of GD in women, all three patients were men, and all three were smokers.
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Patients

Patient 1
In January 2008, a 43-year-old male smoker was found unconscious in the middle of the night, and when the ambulance came, he was found to be in cardiopulmonary arrest. His Vf (Fig. 1A ) was converted to sinus rhythm by using an external defibrillator. He was transferred to our hospital (Nagasaki University Hospital, Nagasaki, Japan) to undergo hypothermal therapy, because he remained in deep coma and hypoxic encephalopathy was suspected. His medical history was unremarkable except for GD. He had been taking an antithyroid drug irregularly for 8 years and had stopped his medication a couple of weeks before this incident.
His thyroid function tests (Table 1) as determined in our hospital showed high serum levels of free triiodothyronine (T3; 9.05 pg/mL; reference range: 2.37-3.91 pg/mL) and free thyroxine (T4; 2.6 ng/dL; reference range: 0.95-1.57 ng/dL) and suppressed serum thyrotropin (TSH; 0.019 mIU/mL; reference range: 0.48-5.08 mIU/mL). The serum level of TSH receptor antibodies was 3.1 IU/mL (reference range: <1.0 IU/ L). His thyrotoxicosis was treated using glucocorticoids, potassium iodide, and methimazole, considering his critical general condition.
His electrocardiogram and echocardiography did not suggest any underlying cardiac disorders that might explain his Vf, including aberrant QT interval, ST-T segment, and cardiomyopathies. His blood tests, including assessments of electrolyte, creatinin kinase, and BNP, were unremarkable, although only mild and transient hypokalemia was observed (Table 1) . Cardiac sarcoidosis was unlikely because of his normal serum levels of angiotensin-converting enzyme and echocardiography. A few days after admission, he was fully alert and his thyroid function was almost normal after the intensive treatment. His coronary arteries were found to be intact by angiography, including an ergonouvin test to provoke coronary spasm, which was negative. There was no deposition of fat in the right cardiac system on MRI. There was no inducible ventricular tachycardia (VT) or Vf after programmed stimulation at the apex or the outflow tract of the right ventricle. There was no significant change in the ST-T segment, and the electrocardiogram was not Brugada-like, after flecainide infusion. His heart muscle was biopsied, but the microscopic and electromicroscopic examination did not suggest any underlying cardiac disease. Therefore, a diagnosis of idiopathic Vf was made and an implantable cardioverter-defibrillator (ICD) was implanted and his thyroid was ablated with radioiodine therapy. His thyroid function has been well controlled up to the present, and there have been no records of his ICD firing for more than 2 years.
Patient 2
In March 2003, a 39-year-old male smoker was found unconscious at home just after he awoke. He was found in cardiopulmonary arrest with Vf when the ambulance arrived. Cardioversion was performed, and he was admitted to the local hospital where the cause of Vf could not be identified, although the coronary artery was somewhat spastic after ergonouvin provocation without clinical symptoms of angina or electrocardiogram changes. He was discharged with nitrate tape and advised to quit smoking, and he followed the advice. After 4 uneventful months in which he exhibited normal electrocardiograms, he developed Vf at 2 am. Cardioversion was performed, and he was admitted to the hospital, but the cause of Vf remained unidentified. He was transferred to our hospital to have an ICD implanted.
When transferred to our hospital, he was semicomatose ( JCS-200), because of hypoxic encephalopathy, and was febrile, because of recurrent pulmonary infection. Electrocardiogram and echocardiogram did not suggest any underlying cardiac disorder (Table 1) . Three months after the admission, the patient developed incessant Vf (five attacks of Vf a day) (Fig. 1B) on the next day percutaneous endoscopic gastrostomy was performed. Lidocaine and nifekalant as well as cardioversion were used to terminate the Vf, and 400 mg of amiodarone and 30 mg of propranorol were also initiated. He had an ICD implanted a few days after the Vf storm and his level of consciousness improved thereafter.
His thyroid function had never been measured until 2 weeks after starting amiodarone therapy. He was thyrotoxic as indicated by high free T3 of 6.33 pg/mL, free T4 of 2.62 ng/ dL, and suppressed TSH of <0.005 mIU/mL. Methimazole treatment was initiated, although the serum levels of TSH receptor antibodies were not determined. He was transferred to another hospital to continue his rehabilitation.
Nine months after the transfer, the patient visited our hospital. He was ambulant with moderate memory impairment and complained of general fatigue and weight loss. He was thyrotoxic as indicated by free T3 of 15.6 pg/mL, free T4 of 6.97 ng/dL, and TSH of 0.008 mIU/mL. His TSH receptor antibodies were positive (TSH binding inhibitory immunoglobulin 21.4% and thyroid-stimulating antibodies 257% [reference ranges: <15% and <180%, respectively]) at a time he was not taking amiodarone or methimazole. There was a record of nonsustained VT in ICD. A diagnosis of GD was made, and 30 mg of methimazole was initiated after consulting our endocrine division. We considered that the elevated thyroid function seen at 2 weeks after amiodarone treatment was also due to GD, but not due to amiodoarone-induced thyrotoxicosis. This is because amiodarone-induced thyrotoxocosis has been shown to develop no earlier than a few months after the start of amiodarone treatment (16) . Positive TSH receptor antibodies also support the diagnosis of GD. His thyroid function has been euthyroid under the methimazole treatment, and there has been no record of ICD firings for 6 years.
Patient 3
In February 2010, a 45-year-old male smoker was found unconscious in the middle of the night at home. Vf was recorded (Fig. 1C) and defibrillated by an external defibrillator. He was transferred to the regional hospital where incessant VT and Vf were eventually stabilized with multiple cardioversion procedures. He remained in a deep coma and was transferred to our hospital for hypothermal therapy. He had been treated with methimazole for the previous several months because of his GD, but the methimazole had been temporarily withheld because of druginduced hypothyroidism at 2 weeks before the admission. His thyroid function was assessed in our hospital, and he showed high serum levels of free T3 of 4.64 pg/mL and free T4 of 3.09 ng/dL and suppressed TSH of 0.063 mIU/ mL. Serum levels of TSH receptor antibodies were positive (25.8 IU/mL). His thyrotoxicosis was treated with methimazole.
His electrocardiogram and echocardiography did not suggest any underlying cardiac disorders. His blood test was unremarkable and the coronary arteries were intact on angiography (Table 1) . Therefore, a diagnosis of idiopathic Vf was made. There were no VT or Vf attacks recorded after admission, but he passed away on the 13th day of the admission because of extensive hypoxic encephalopathy.
Retrospective survey of the medical record
Having seen three patients with GD who developed idiopathic Vf, we reviewed the medical records of the patients with thyrotoxicosis of any cause who were referred to our hospital from March 2002 to March 2010. We were able to find 587 female and 155 male patients with thyrotoxicosis, but there were no other patients who developed Vf. Discussion It is extremely rare that thyrotoxicosis is complicated with Vf (2). Vf attacks have been only sporadically documented in patients with thyrotoxic periodic paralysis (5-9) or ischemic heart disease. However, several cases, including ours, involving patients suffering from thyrotoxicosis who developed Vf and/or VT without concomitant thyrotoxic periodic paralysis or ischemic heart disease have been reported (Table 2 ). These cases have additional common clinical features such as no family history of sudden cardiac death, no history of syncope attack, and no identifiable causes accounting for VT or Vf, which are thus idiopathic. Interestingly, in four cases found in the literature (10, 11, 13, 14) , no ventricular arrhythmias were recorded after the thyroid function was controlled, and therefore, the patients needed only temporary medical treatments for ventricular arrhythmia and did not require the implantation of an ICD. The disappearance of Vf as a result of the improvement of thyroid function was also seen in Patient 1 and Patient 2 in the present study. Therefore, these findings suggest that thyroid hormone excess, even if it is transient and caused by destructive thyroiditis (13, 14) , might play a direct role in the development of VT and Vf. Thus, the determination of thyroid function should be considered in patients who develop idiopathic VT and/or Vf.
The three patients reported herein, but no others reported in the literature (Table 2) , had common intriguing clinical features. All three patients with GD who developed Vf were smoking men. The smoking habit was shown to be associated with sudden death in an autopsy series studied in our country (17) . The constituents of inhaled tobacco are known to damage the cardiovascular system by numerous mechanisms, including endothelial dysfunction, platelet dysfunction, increased coagulation, increased heart rate, blood pressure, increased myocardial oxygen demand, and vasoconstriction. Further, nicotine has been shown to stimulate the sympathetic nerves and markedly elevate serum catecholamine concentration, which is potentially arrhythmogenic (18) . Smoking is indeed a significant risk factor for appropriate ICD shocks among patients with heart failure with an ICD (19) (20) (21) . However, it is not certain whether smoking by itself is a risk for idiopathic Vf. It is known that sudden cardiac death is more common in males (22) , and the three smoking men were the only patients who developed Vf among patients who were referred to our hospital because of thyrotoxicosis. As GD is more common in women, thyrotoxicosis including GD may increase the risk of developing life-threatening Vf in smoking men without other predisposing factors.
As the three patients described here were transferred to our hospital and our hospital is a referral center, it would be inappropriate to estimate the prevalence of Vf among patients with thyrotoxicosis or GD. However, it is apparent that the prevalence of Vf among thyrotoxic patients is notably high in our hospital. It was not clear whether there are unknown factors triggering Vf in our patients or whether the majority of the patients with thyrotoxicosis who develop Vf might have been victims of sudden cardiac death out-of-hospital.
The most important question is how thyrotoxicosis influences the emergence of life-threatening ventricular arrhythmia. It has been shown that several ion transporters present in the cardiac plasma membrane, such as Na þ /K þ -ATPase and voltage-gated potassium channels, including Kv1.5, Kv4.2, and Kv4.3, are upregulated, and the Na þ /Ca 2þ exchanger is downregulated by thyroid hormones, thus influencing the electrochemical response of the myocardium (23) . However, the influence of thyroid hormones on ventricular depolarization/ repolarization is controversial. Serum TSH levels have been shown to be positively correlated with the corrected QT interval in both men and women in a population-based study (24) . Similarly, a QT prolongation was shown in hypothyroidism (25) . On the other hand, hyperthyroidism was associated with prolonged QTc intervals (26, 27) . Although VT and Vf are extremely rare in thyrotoxic patients, even those with hypokalemic periodic paralysis, whether such individuals might possess a genetic predisposition to cardiac arrhythmia in the face of excess thyroid hormones is not known.
We reported three cases of idiopathic Vf complicated with GD. Our experience with these three patients suggests that smoking men with thyrotoxicosis likely have an increased risk for Vf, even if they do not have other predisposing factors. Therefore, the determination of thyroid function should be considered in patients who develop idiopathic VT and/or Vf. More study is needed to address how thyroid hormone excess influences the occurrence of ventricular arrhythmia, and the interaction among smoking, thyrotoxicosis, and ventricular arrhythmias may become apparent in experimental models in the future.
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